The strain effect on the hole mobility is investigated by bulk Si field-effect transistor, substrate-strained Si devices, and these devices under biaxial tensile mechanical strain. The hole mobility along ͗110͘ direction on ͑001͒ Si substrate degrades at small biaxial tensile strain ͑Ͻ ϳ 0.3% ͒ but enhances at the biaxial tensile strain larger than ϳ0.3%. This abnormal behavior can be understood in terms of the effective hole conductive mass which is the population average of heavy-hole and light-hole masses. The effective mass is more heavy-hole-like at small strain, since the heavy-hole band has a larger density of state than light-hole band. As the biaxial tensile strain increases, the hole population in the light-hole band increases due to the upshift and crossover of the light-hole band above the heavy-hole band. Therefore, the effective mass with larger biaxial tensile strain decreases significantly due to the small mass of light hole. The effective hole mass, which increases at small strain, then decreases at large strain, is responsible to the abnormal hole mobility behavior. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.2041839͔ Substrate-strained Si as a mobility-enhanced technology has received considerable attention in the last decade and becomes practical for industry applications.
Substrate-strained Si as a mobility-enhanced technology has received considerable attention in the last decade and becomes practical for industry applications. [1] [2] [3] [4] [5] The mechanism of electron mobility enhancement in substrate-strained Si n-channel metal-oxide-semiconductor field-effect transistors ͑NMOSFETs͒ is well understood in terms of the splitting of six-fold degenerate ⌬ valleys, which causes the increase of electron population in the two valleys with lighter conductive mass along the channel and the suppression of the intervalley phonon scattering. On the other hand, the warpage nature of valence band results in the complicated behavior of hole mobility. The previous calculation 5 of hole mobility shows a monotonic increase under biaxial tensile strain at high field. However, in our study, the small mechanical biaxial strain ͑0.037%͒ on bulk p-channel MOSFET ͑PMOS-FET͒ causes the degradation of hole mobility at intermediate field, and similar results are also reported by other groups. 6, 7 No theoretical calculations are given in the previous work. We, therefore, give the theoretic calculation and compared with the experimental data. The abnormal behavior can be attributed to the initial increase of the effective hole conductive mass at small strain. The experimental setup to apply the mechanical biaxial tensile strain ͑ϳ0.037% ͒ is similar to Ref. 8 . The undoped strained-Si layers ͑20 nm thick͒ were grown by ultrahighvacuum chemical-vapor deposition on the relaxed Si 0.8 Ge 0.2 ͑1 m thick͒ virtual substrate at 600°C using SiH 4 and GeH 4 precursors. The relaxed Si 0.8 Ge 0.2 layers were grown on the graded Si 1−x Ge x layers ͑1 m thick͒ using the Ge content from 0% to 20%. The strain in the substrate-strained Si device is observed to be ϳ0.64% by Raman spectroscopy measurement. The bulk Si and substrate-strained Si PMOSFETs were fabricated by a conventional process. 9 The source/drain doping activation condition is 900°C for 25 min. To avoid the strain relaxation in the substratestrained Si devices, the gate oxide ͓tetraethylorthosilicate ͑TEOS͔͒ with a thickness of ϳ30 nm was deposited at 700°C. The channel-doping concentration is estimated to be ϳ1 ϫ 10 16 cm −3 for both bulk Si and substrate-strained Si devices.
The drain current ͑I ds ͒ of substrate-strained Si device increases about +5.8% after the application of 0.037% mechanical strain ͑Fig. 1͒. The strain level has been measured by Raman spectroscopy and simulated by finite element method. 10 In contrast, the saturation drain current of bulk Si PFET decreases about 3.3%. It is noted that the threshold voltage change is negligible, due to the small biaxial tensile strain. 11 The peak mobility of substrate-strained Si device under the mechanical strain increases about +4.0%, but the peak mobility of bulk Si PFET decreases about 2.1% ͑Fig. using the device with the channel length of 100 m and the channel width of 200 m. Note that the total strain in the substrate-strained Si PFET under mechanical strain is the sum of the substrate strain ͑0.64%͒ and the mechanical strain ͑0.037%͒. Due to the channel length ͑L = 100 m͒ and thick gate oxide ͑ϳ30 nm͒ in our device, the mobility at the high electric field and the influence of quantum-mechanical confinement in the out-of-plane direction are not considered in this work. The peak mobilities of the four curves in Fig. 2 occur at low field ͑Ͻ0.3 MV/ cm͒ where the quantummechanical effect can be neglected, and the dominating scattering should be phonon scattering.
2͒. The hole mobility is extracted from split C-V
1 By solving the Schrodinger equation with the six-band k · p method, 12-15 the hole conductive effective mass ͑m eff ͒ is obtained by the second derivatives of band structure. Figure 3 shows the heavy-hole ͑m HH ͒ and light-hole ͑m LH ͒ masses as a function of biaxial tensile strain, and both masses increase monotonically with strain. Since holes are populated in both the light-hole and the heavy-hole bands, the m eff is a population average of heavy holes and light holes using the formula
where N V ͑͒ is the density of state as a function of strain, k B is the Boltzmann constant, and T is the absolute temperature.
The band splitting energy ⌬E͑͒ is given as a function of the strain :
where b, E, S 11 ͑S 12 ͒, and are the band splitting deformation potentials, Young's modulus, the elastic constants, and the biaxial strain, respectively. At small biaxial tensile strain, the conductive effective mass is more heavy-hole-like, since the heavy-hole band has a larger density of state than the lighthole band. The large strain induces upshift of the light-hole band and more holes are occupied in the light-hole band. Therefore, the effective mass under large strain decreases significantly due to the small mass of light hole but increases at small biaxial tensile strain. The calculation of the momentum relaxation time is complicated due to anisotropy and nonparabolicity of the hole dispersion. Since only the peak mobility is of interest, the phonon scattering including acoustic and optical phonons is taken into account in this letter. The calculation of scattering rate is implemented by the methods of prior work. [17] [18] [19] 
where D͑E͒ is the density of state, f͑E͒ is the Fermi-Dirac distribution function, N is the Bose-Einstein distribution, and n is the carrier concentration. The material parameters used in the calculation are given in Table I . Figure 4 shows that a "large enough" biaxial tensile strain is necessary to enhance the hole mobility. Under the biaxial tensile strain ͑0.037% used in our experiment͒, the peak hole mobility degrades, since the splitting of the heavyholes and light-holes is too small to reduce the scattering rate and the increasing hole effective mass at the small strain is the dominant factor to degrade the mobility. The result that the mobility under small strain is affected mainly by the change of effective mass is also reported in the literature. 19 On the other hand, the mobility enhancement of the substrate-strained Si device under the additional biaxial tensile mechanical strain is observed. The band edge of lightholes now is far above that of heavy-holes under the large total strain, sum of substrate strain and mechanical strain. The scattering rate becomes smaller after the application of mechanical biaxial tensile strain to the substrate-strained Si device and the hole conductive effective mass decreases with small strain at the strain level of 0.64%. This leads to the enhanced hole mobility of substrate-strained Si devices under the biaxial tensile mechanical strain. [20] [21] [22] Note that the previous simulation at the intermediate field In conclusion, the different trends of the hole mobility change for the bulk Si FETs and substrate-strained Si FETs under the biaxial tensile mechanical strain are observed and studied quantitatively. The abnormal hole mobility under small biaxial tensile strain is shown to originate from the effective hole conductive mass, which increases at small strain, then decreases at large strain. The calculation is in a good agreement with experimental data. This investigation will be helpful to find a way of strain technology for the improvement of p-channel MOSFETs. 
